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EXPERIMENTS ON THE IMPACT-LIGHT-FLASH AT HIGH VELOCITIES

I. INTRODUCTION

One of the observable phenomena associated with hyper-
velocity impact is the so-called impact light flash produced by
the conversion of some fraction of the projectile kinetic energy
to radiant energy. The light flash provides a mechanism for the
observation of high-speed impact phenomena. 1In addition, it has
been used as a meteoroid counter in micrometeoroid detector
systems} and it is hoped that some property of the impact flash
may be used in such systems to determine meteoroid mass and
velocity. In this context Rosen and Scully2 have suggested that
photometric measurements of the impact flash at two different

wavelengths may provide the desired information.

Traditionally, the depth of penetration and the size of
craters formed have been the most significant engineering param-
eters of high-velocity impact, and by far the bulk of experimental
and theoretical work has been concerned with these aspects of high-
speed impact. The effects of melting and vaporization have only
recently been considered in hypervelocity penetration theory?

Some properties of the vapor cloud can be observed directly by
photographic techniques? while others may be inferred from indirect
measurements such as those of ionization processes? The existence
of ionization suggests that the vapor cloud may possess plasma-like
characteristics, including self-luminosity due to the excitation
of neutral gas atoms. Thus quantitative measurements of the
properties of the impact light flash can provide information on

vaporization effects.

In an early study6 of the impact light flash conducted
with large projectiles from a light gas gun, line spectra arising
from excitation of residual gas atoms in the target chamber
appeared to account for most of the observed radiation. The more



recent experiments of Rosen and Scully (Ref. 2) were conducted in a

vacuum of less than 102

mm Hg using small projectiles approximately
50 microns in diameter. Since the residual gas interactions were
negligible, the observed radiation was attributed to blackbody
emission from heated particles or droplets ejected from the target.
On the basis of this éssumption, they were able to correlate the
peak flash intensity with the amount of material ejected from the

target.

This report describes experiments on the impact light flash
conducted with very small (approximately 1 micron) particles over
the velocity range from about 2.5 km/sec up to nearly 40 km/sec.

The results of measurements using unfiltered photomultiplier tubes
suggested that the emission spectrum was similar to that of a black-
body radiator. Apparent blackbody temperatures were measured by
two-color photometric techniques similar to those used by Rosen

and Scully, and similar results were obtained over the range of
velocities common to both experiments. However, a significant
departure from the rate of increase of temperature with velocity
predicted by Rosen and Scully was observed. Although no attempt

has been made to determine the source of radiant energy, it appears
likely that two sources exist: One is blackbody emission from
heated material, the other radiation from excited atoms in the vapor

cloud.

II. EXPERIMENTAL PROCEDURES

A. Particle Acceleration and Analysis

In all of the work discussed here the TRW Systems
electrostatic hypervelocity accelerator7was used. In this accel-
erator small particles are first charged electrically by a process
described elsewheresand then injected into the accelerating
electric field of a 2-million-volt Van de Graaff Generator. Here
they are accelerated to a final velocity given by v = (2qV/m)1/2,

where V is the accelerating voltage, m is the mass of the particle,




and q is its charge. As described in Ref. 8, the q/m of a par-
ticle is proportional to the reciprocal of the particle radius.

As a consequence of this relationship, the electrostatic method of
accelerating particles is most effective for very small particles.
Under»optimum conditions, iron particles of 1 micron diameter
reach a final velocity of about 7 km/sec. (Smaller particles, or
particles composed of lower density materials, achieve corre-
spondingly higher velocities. As examples, carbon particles have
been accelerated to velocities in excess of 20 km/sec, and sub-
micron iron particles have been accelerated to nearly 40 km/sec.)
Carbonyl iron spheres (98% Fe) with a mean diameter of about 1.5
microns were used for all of the experiments described below.

The charge and velocity of each particle are determined
after it has been accelerated but before it strikes the target
surface. This is accomplished by measuring the magnitude and
duration of the voltage signal induced by a particle as it passes
through a cylindrical drift tube of known capacitance and length.
The charge is given by q = CVi, where Vi is the amplitude of the
induced voltage pulse and C is the capacitance of the drift tube
to ground. The velocity is simply v = £/t, where t is the tramsit
time through a cylinder of length £. The mass of the particle is
found from m = 2qV/v2.

Usually the signal from the detector is amplified and dis-
played on an oscilloscope trace, which is photographed for subse-
quent analysis. The signals from the photomultiplier tubes (PMT's)
used to observe the light flash are also recorded photographically.
When only a single PMT was used, its signal was displayed on one
trace of a dual-beam oscilloscope while the detector signal was
displayed on the other. When several tubes were in use simul-
taneously, each signal was displayed on a separate oscilloscope
trace. All of the oscilloscopes were triggered from a common
source (either the detector signal itself or the output signal
from the velocity selector system described below) to ensure time
correlation of the observed signals.,



Most of the high-velocity data (i.e., above about 10 km/
sec) were obtained with the aid of a recently developed velocity-
selection system. The carbonyl iron particle source is charac-
terized by a wide distribution of particle sizes (with diameters
from about 0.1 to 3.0 microns). As a consequence of the charging
process, the smaller and less frequently occurring particles
achieve the highest velocities. Since the very high velocity par-
ticles appear so rarely, direct photography of each particle signal
is not a very satisfactory way of acquiring high-velocity data.

To alleviate this problem, the velocity-selection system is used

to produce a trigger pulse whenever a particle within a pre-
determined velocity interval appears. This is accomplished by
means of two particle-detection stations and a simple logic circuit.
The signal from the first detector opens a narrow gate at some
predetermined delay time. The signal from the second detector is
fed to the gate; if the gate is open, a trigger pulse is generated
but if the signal arrives at any other time no signal is generated.
Both the delay time and the width of the gate pulse are adjustable.
In practice, the trigger pulse is used to trigger the sweep circuits
of the oscilloscopes, which display the signals from a third par-
ticle detector and the PMT's. The particle velocity and mass are
determined by analysis of the signal from the third detectqr.

B. Impact-Flash Measurement Techniques

For the single~-PMT measurements of the impact flash
from glass targets, particles from the accelerator passed through
a particle detector and then struck a glass target whose surface
was normal to the direction of the particle beam. The target,
which was in the form of a disc, also served as a vacuum window.
The PMT was optically coupled to the rear of the window with Dow-
Corning 200 Fluid. In some cases, the front surface of the target-
window was coated with an extremely thin but opaque film of
aluminum. The purpose of the film was to shield the PMT from
light emitted from the vapor cloud, thus limiting these measure-
ments to the "body flash"”. Under these circumstances the signal




from the PMT appears as a large amplitude spike followed by a lower-
level, exponentially decreasing signal. It is presumed that the
spike represents the body flash. Experiments appear to bear this
out, since the amplitude of the initial spike is essentially un-

altered by the presence or absence of the aluminum film.

Most of the front-surface impact-flash measurements and
all of the spectral measurements were made using the target
chamber shown in Fig. 1. This chamber provides viewing ports for
four PMT's, which view the surface of the target at an angle of
45° to the normal. Particles from the accelerator enter the
chamber through the aperture between the phototubes and impact at
the center of the target, the point of impact lying at the apex of
the pyramid formed by the axes of the viewing ports. The viewing
ports are sealed by thin Lucite windows. The PMT's are held
against the viewing ports by an aluminum structure that also has
a recess for standard 2 x 2 inch optical filters. The internal
surfaces of the chamber are polished to increase light-gathering
efficiency, and all optical joints are made with a thin layer of
silicon grease to reduce light losses at the interfaces.

RCA 6199 photomultiplier tubes with S-11 spectral response
were used for all of the measurements. Standard PMT circuitry was
used, with the photocathode at about 1000 volts negative and the
anode grounded through the load resistor. A high-impedance voltage
divider supplied the correct operating voltage to the dynodes. The
last few stages were backed up by capacitors to avoid nonlinearities
arising from large signal levels. The frequency response was ad-
justed by varying the anode capacitance to ground. The output
signals were fed to wide-bandpass cathode-followers and from there
directly to the oscilloscopes.

Although the PMT's were not calibrated against a standard
blackbody radiation source, a certain amount of care was taken in
determining the over-all respcnse. The most critical factors
affecting over-all response are the spectral response of the PMT-



‘ATquessy Jaquey) 398xel yserd 3y3r7 3oedwy ‘T 8an3tg




filter combination and the gain of the electron-multiplier
assembly.

The spectral response characteristics of the PMT-filter
combinations were determined from the S-11 spectral characteristics
curve published by the manufacturer and from the transmission
characteristics of the filters (also supplied by the manufacturer).
The spectral response of two filtered PMT's that were used as a
pair for the photometric measurements are shown in Fig. 2. Another
pair of filtered PMT's with a similar, but slightly different
spectral response was also used, but they are not illustrated.

For purposes of analysis, it was assumed that the area under a
particular curve represents the sensitivity to radiant energy at
the peak wavelength.

To determine the gain of the electron-multiplier assemblies,
the gains of the tubes that comprised a pair for the temperature
measurements were adjusted to a common value. A pulsed neon light
served as the calibrating source, and the gain was set by a
potentiometer which adjusted the total voltage across the dynode
chain. To account for possible variations in the light source in-
tensity, each tube was checked several times. In practice, all
four PMT's were fed from a single high-voltage power supply. Since
electron multiplication is a strong function of voltage, the
supply voltage was monitored continuously by a digital voltmeter
and maintained at a value constant to about one part in a thousand.
Under these conditions, the variation in electron gain was probably
no greater than 1 or 2%.

C. Two-Color Temperature Measurements

In the experiments, the actual property measured is the
intensity of light emission at two different wavelengths. To con-
vert these measured values to the apparent temperature, the experi-
mental data are used with the Planck blackbody radiation law,
namely,
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where YA is the intensity at wavelength A, T is the temperature of
the radiator, and Kl and Kz are constants. The magnitude of the
output signal from a PMT sensitive only at wavelength A is given
by

I, =S, ¥ s (2)

where SA is the radiant sensitivity. The ratio of the light in-
tensity at two different wavelengths i and j defines the tempera-
ture uniquely, as given by

5 (K /JT)

I
T - i()—(iyﬁr‘ @

In the present case Sl is proportional to the area
under the appropriate spectral response curve. The curve for con-
verting from measured signal level ratios to apparent blackbody
temperature, as calculated from Eq. (3), is given in Fig. 3 for
the spectral response characteristics indicated in Fig. 2.

I1I. EXPERIMENTAL RESULTS AND DISCUSSION

A. Single-Phototube Observations

As mentioned in the previous section, the body flash in
glass targets is characterized by an intense, short-duration flash
followed by a lower-intensity emission that decays with a
relatively long time constant. The duration of the initial spike
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is about 0.2 pusec, while the low-intensity portion of the emission
Persists for as long as 10 pusec. For most measurements, the PMT
signal was integrated electronically to facilitate the procedures.
Thus in the results obtained, the magnitude of the signal is
proportional to the total radiant energy emitted but is dominated
by the high-intensity portion. Typical results are illustrated in
Fig. 4, where the peak light-flash amplitude divided by the mass
of the particle is plotted as a function of particle velocity.
Normalizing to particle mass has the effect of presenting the data
as if the particles were of a uniform mass, and is based on the
assumption that the magnitude of the light flash is directly

proportional to particle mass.

Data for impacts on a solid tantalum target are shown
in Fig. 5. 1In this case, of course, the impact flash was observed
from the front face of the target. Again, the output signal was
electronically integrated. The signal waveform observed in this
manner is somewhat different in that the initial spike that is
characteristic of the body flash is not nearly so prominent as that
obtained with glass targets. In fact, it is questionable that it
appears at all. Generally, the signal rises to peak value in about
50 nanosec and then decays exponentially with a time constant of
about 5 psec. Because of the integration, the signal amplitude is
proportional to the total radiant energy within the spectral range
of the PMT.

Over the limited velocify range covered by these data
points, the body flash from glass targets, as represented in Fig.
4, is more strongly velocity dependent than is the flash observed
from a solid metallic target. Straight-line "eye'' fits to the
points imply that on glass targets the body flash increases as
about the seventh power of velocity, while in the other case the
slope is only about three. As can be inferred from results dis-
cussed later, this difference is not attributable to the differences
in target materials and hence, must be indicative of the difference
between the body flash viewed from the rear of the target and

11
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radiation viewed from in front of the target.

B. Spectral Measurements

Two-color photometric measurements were conducted to
determine apparent blackbody temperature as a function of par-
ticle impact velocity on tantalum and fused-quartz (Vycor glass)
targets. The term ''apparent' means that the temperature was
determined on the assumption that the source of light is an ideal
blackbody radiator, although there is no direct evidence to support
this assumption.

Two separate temperature determinations were made for
each target material. The only difference between the two test
arrangements (aside from very slight differences in the spectral
response of the filters used) was the output circuitry of the PMT's.
For one pair of tubes the output signals were integrated by shunting
the 100 KN anode resistors with 100 pf capacitors, giving an RC
decay time of 10 pusec. In the other case, no capacitors were
added and the effective RC decay times were less than 1 usec. In
the first case, the net effect of the integration is that the
total radiant energy from the flash is measured at some fixed
wavelength; in the second, the signal is more nearly proportional
to the instantaneous radiant intensity at the wavelength specified
by the spectral response characteristics of the PMT's. Since the
intensity is a strong function of temperature in the range under
study, the response in either case is dominated by radiation from
the flash while it is at high temperature, and the peak amplitudes

of the signals are representative of the maximum temperature.

In principle, the cooling of the flash could be moni-
tored by measuring the ratio of the appropriate signals as a
function of time. However, it was found that the signals decay to
the noise level so rapidly that measurements of this type did not
appear feasible under the present circumstances.

Generally speaking, the integrated signals provided
the best-quality data, particularly at low signal levels. This

14




higher quality stems from the fact that the integration tends to
minimize the effects of statistical fluctuations in the electron-
multiplication process, which are sizable for small signals.
However, measurements made with the non-integrating circuitry pro-
vide an internal check for consistency of the results.

A set of oscillographs depicting the raw data obtained
for an event under somewhat favorable conditions is shown in
Fig. 6. The uppermost picture shows the detector signal, while
the oscillograph in the center displays the integrated output
signals at 5935 X and 4015 X (upper and lower traces, respectively).
Similar traces for the PMT's with broadband external circuitry are
shown 1nothe lower photo, where the upper trace giveg the intensity
at 5885 A and the lower gives the intensity at 4050 A.

Ideally, one needs only to measure the ratio of the
amplitudes of the pair of signals to determine the apparent
temperature. A case where this was done is illustrated in Fig. 7.
These data were obtained from the integrated intensity measure-
ments on a tantalum target. Clearly, the results show a steadily
increasing temperature with particle velocity. One gets the im-
pression that the ratio of intensities is increasing more slowly
at the high velocities, but the scatter in the data points prevents
quantitative verification of this point. The results presented in
Fig. 7 are not as satisfactory as those presented later since to
obtain accurate data, high-quality signals must be obtained
simultaneously from both PMT's; and this was not always the case.
Often the signal from one of the two PMT's was either too large or
too small to be measured accurately, and at the higher temperatures
the blue-sensitive PMT produced larger and more easily measured
signals, which apparently led to a high-temperature bias.

To alleviate this problem and to minimize the scatter
exhibited by the points in Fig. 7, an averaging technique was
employed. 1In this method the peak light-flash amplitude,
normalized to particle mass, was plotted as a function of particle

15



Figure 6.
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tensity at 4015 X. Similar signals from the PMT's
with broadband external circuitry are shown in the
lower picture with the_.upper and kower traces giving
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velocity for each of the PMT's. A smooth curve was fitted to
each set of data. The ratio of the values of the appropriate two
curves at a selected velocity then yielded an average maximum
blackbody temperature at that velocity.

The data are presented in Figs. 8 through 11. The
points represent the logarithms of the measured values of the peak
signal amplitude in arbitrary units normalized to the measured
particle mass at the velocity indicated. The strong velocity de-
pendence of the light flash as measured at a fixed wavelength is
evident from these figures, since the light-flash amplitude in-
creases by about 5 or 6 orders of magnitude over the velocity
range covered. The curves were fitted to the data points by an
iterative process. First the unweighted data were fitted to
polynomials of second and third degree by standard computer methods.
Gaps in the distribution of data points prevented an entirely
satisfactory curve fit by this technique. Next, average values of
the normalized light-flash amplitudes were determined over narrow
velocity intervals, and these values were fitted by inspection.
The curves defined in this manner and the computer-generated curves
were compared for consistency. Obvious differences were rationalized
by inspection, and the final curves as indicated in the figures were
defined. Obviously, personal judgment plays a major role in defining
the curves this way. Although the element of judgment precludes a
quantitative estimate of the fitting errors, it is felt that the
final results are quite representative of the actual temperatures
involved. The final results relating apparent blackbody tempera-
tures to impact velocity are given in Figs. 12 through 15.

As was mentioned above, the highest quality data were
obtained when the output signals from the PMT's were integrated.
Results obtained under these conditions are shown in Fig. 12 for a
tantalum target and in Fig. 13 for the fused-quartz target. 1In
both cases the apparent temperature increases with velocity, as
might be expected, but appears to be asymptotically approaching a
limiting temperature of about 5000°K. Although the problem has not

18
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been treated analytically, it is probably safe to assume that the
temperature limit is imposed by more efficient radiation cooling

at higher temperatures and by the absorption of energy by competing
mechanisms, such as ionization of the vapor atoms.

Although the same limiting temperature is approached for
both types of targets, markedly higher temperatures are measured
at low velocities with the quartz target. The lower heat con-
ductivity of quartz may account for this effect, since the energy
release is confined to a smaller volume of material at a corres-
pondingly higher temperature. The apparent difference in measured
temperatures at about 3 km/sec and below is probably the result of
uncertainties in the curve fitting procedure rather than any actual
difference. Also, the radiation levels in this region barely exceed
the threshold for detection.

The temperature measurements made with the wideband-
response PMT's are shown in Figs. 14 and 15 for the tantalum and
quartz targets, respectively. Generally, the results obtained are
similar to those discussed above; however, the curves are more
complicated in form. It is felt that this difference arises from
uncertainties in fitting the individual curves to the data points.
For example, the increase in temperature indicated at about 25 km/
sec in Fig. 14 arises from a small number of data points and may
represent only a statistical fluctuation.

It is interesting to compare the results here with the
results of similar experiments conducted by Rosen and Scully
(Ref. 2). 1In their experiments the apparent blackbody temperature
was measured for glass particles impacting on a lead target over
the velocity range of about 4 to 15 km/sec. They found that the
data, when plotted in the same form as shown in Fig. 12, could be
fitted by a straight line, which implies that the ratio of in-
tensities is proportional to the impact velocity raised to some
power. Over the same velocity range, a straight line would provide
a reasonably close approximation to the segment of the curve shown
in Fig. 12. Furthermore, the maximum temperature they measured

23
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was about SOOOOK, which is nearly identical to the maximum
temperature measured here. Thus the results from the two experi-
ments are compatible over the velocity range where direct compari-
son is valid. However, results obtained with higher-velocity par-
ticles show conclusively that the extrapolation to meteoric
velocities suggested by Rosen and Scully is not valid.

Iv. SUMMARY

The experiments described above have extended measurements
on the impact light flash to particle velocities of nearly 40 km/
sec. The very strong velocity dependence exhibited by the impact
flash suggested that the source of light was similar to a black-
body radiator. On this assumption, two-color photometric measure-
ments designed to determine an "apparent! blackbody temperature were
conducted. The results indicate that the apparent temperature in-
creases rapidly up to about 15 km/sec. At higher velocities the
rate of temperature increase is smaller and asymptotically approaches
a value of about 5000°K. The results obtained here are in good
agreement with the results of Rosen and Scully over the velocity
range common to both experiments.

As suggested earlier, the results here are related to
meteorite detection systems and to basic studies of hypervelocity
impact phenomena. Clearly, additional work, both theoretical and
experimental, is required to correlate the results obtained here
with other properties of high-speed impact.
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